tant, which has its three serine phosphorylation sites mutated to alanine, stays primarily in the nucleus (5, 7) (fig. S9 ). The transfected cytoplasmic HDAC4-L175A mutant preserved rd1 rods until at least P70 (Fig. 3, N and Q) , whereas the nuclear HDAC4-3SA mutant failed to rescue rd1 rods even at P50 (Fig. 3, O and R) .
HIF1a plays a central role in the regulation of oxygen homeostasis (20) . HIF1a protein is not detectable in the mature mouse retina (21) . Exposure of retinas to hypoxia stabilizes HIF1a and protects photoreceptors from light-induced retinal degeneration (21) . HIF1a protein stability is decreased by lysine acetylation. Acetylation of HIF1a by the acetyltransferase ARD1 enhances its degradation (22) . HIF1a stabilization thus might provide a mechanism for HDAC4-induced photoreceptor protection in rd1 mice. HIF1a protein was detected by immunohistochemistry in the OS of wild-type photoreceptors after HDAC4 electroporation (Fig. 4, A to D) . No HIF1a immunoreactivity was detected after overexpression of HDAC6 (Fig. 4, E and F) . Likewise, expression of HDAC4, but not that of HDAC6 (Fig. 4, I and J) , led to the detection of HIF1a that appeared nuclear or perinuclear in the photoreceptors of the rd1 retina (Fig. 4, G and H) . Expression of a dominant negative HIF1a (dnHIF1a) construct (23) with pCAG-HDAC4 in the rd1 retina negated the photoreceptor survival effect of HDAC4 (Fig. 4, K to N) . A plasmid with an shRNA directed to HIF1a also blocked HDAC4-mediated photoreceptor survival ( fig. S10 ). Thus, HIF1a appears to be required for the HDAC4 survival effect.
To determine whether acetylation of HIF1a might influence rod death in the rd1 retina, we expressed HIF1aK532R, an acetylation mutant of HIF1a that is more stable than its wild-type form (22) , and the wild-type HIF1a in the rd1 retina. Wild-type HIF1a preserved a few rods (Fig. 4, P and T) and HIF1aK532R preserved more (Fig. 4, Q and U) . HDAC4 was the most effective in saving rod photoreceptors (Fig. 4, R, V, and W) . No additive effects were seen when HDAC4 was coexpressed with HIF1aK532R ( fig. S11 ). The greater efficacy of HDAC4 relative to HIF1aK532R might result from HDAC4 having target(s) in addition to HIF1a, or HIF1aK532R could be less effective than deacetylated wildtype HIF1a.
In the mouse retina, HDAC4 has an essential role in neuronal survival. From a therapeutic perspective, HDAC4 prolonged photoreceptor survival in mice undergoing retinal degeneration. HDAC6 did not lead to increased abundance of HIF1a protein or promote rod survival in mice, although it rescued degeneration in Drosophila (19) . Therefore, more than one pathway for neuronal survival may be regulated by HDACs. Strict one-to-one correspondence between codons and amino acids is thought to be an essential feature of the genetic code. However, we report that one codon can code for two different amino acids with the choice of the inserted amino acid determined by a specific 3′ untranslated region structure and location of the dual-function codon within the messenger RNA (mRNA). We found that the codon UGA specifies insertion of selenocysteine and cysteine in the ciliate Euplotes crassus, that the dual use of this codon can occur even within the same gene, and that the structural arrangements of Euplotes mRNA preserve location-dependent dual function of UGA when expressed in mammalian cells. Thus, the genetic code supports the use of one codon to code for multiple amino acids.
A lthough codons can be recoded to specify other amino acids or to have ambiguous meanings (1, 2) , and stop codons can be suppressed to insert amino acids (3), insertion of different amino acids into separate positions within nascent polypeptides by the same codeword is believed to be inconsistent with ribosome-based protein synthesis. In ciliated protozoa from the Euplotes genus, cysteine (Cys) is encoded by three codons, UGA, UGU, and UGC (4, 5) . UGA is a stop signal in the universal genetic code, and this codon can also code for the 21st amino acid, selenocysteine (Sec) (6) .
Metabolic labeling with 75
Se showed that E. crassus contains multiple selenoproteins ( fig. S1 ). To identify the codon used for Sec, we sequenced 15,000 E. crassus expressed sequence tags (ESTs) ( fig. S2 ) and the full-length eGPx1 cDNA sequence. The eGPx1 cDNA encodes a 22-kD protein with a single in-frame UGA codon (Fig. 1A ) and a Sec insertion sequence (SECIS) element (7) in its 3′ untranslated region (3′UTR) (Fig. 1B) , which suggests that this UGA encodes Sec. Therefore, UGA may be used for both Cys and Sec insertion in Euplotes. Expression of eGPx1 as a fusion protein with green fluorescent protein (GFP) in human embryonic kidney (HEK) 293 cells revealed specific 75 Se incorporation (Fig. 1C) . The corresponding full-size protein was also detected by Western blotting (Fig. 1D) .
Mutation of the core region of the eGPx1 SECIS element prevented 75 Se incorporation and protein synthesis (Fig. 1, C and D) , indicating that SECIS was required for Sec insertion in response to UGA.
E. crassus genome sequencing and analysis revealed eight selenoprotein genes (figs. S3 to S16) and three tRNAs that recognize UGA codons, including Sec tRNA, mitochondrial Trp tRNA, and a novel Cys tRNA ( Fig. 2A and  fig. S17 ). A Cys tRNA recognizing UGU and UGC codons was also detected. Four of the eight selenoprotein genes contained multiple UGA codons ( fig. S4 ). Comparison with known selenoproteins suggested the use of one codon for Sec and an additional UGA codon (or codons) within the same gene for Cys insertion. E. crassus thioredoxin reductases 1 (eTR1) and 2 (eTR2) had seven in-frame UGA codons, with the first six predicted to code for Cys and the last one to code for Sec (figs. S5, S6, and S18). To examine coding functions of UGA codons, we cloned a novel selenoprotein ep22, selenoprotein W2 (eSelW2), and eTR1 (figs. S5, S8, S10, and S19) and expressed them in the form of GFP-fusion proteins in HEK 293 cells. Specific
75
Se incorporation was observed into GFP-ep22 (Fig. 1 , E and F) and GFP-eSelW2 (Fig. 1G) , which had single UGA codons.
In the case of GFP-eTR1, we initially did not observe 75 Se incorporation (Fig. 2B, lane 2) . This was likely due to termination at UGAs coding for Cys in Euplotes, which were recognized as stop signals in mammalian cells. We therefore prepared mutant forms of GFP-eTR1, in which six of the seven UGA codons were replaced with UGC, leaving single UGA at positions 68, 420, or 497. Of these, amino acids 68 and 420 corresponded to Cys, and 497 corresponded to Sec in other TRs. We found that 75 Se (and, therefore, Sec) could be inserted only at position 497 (Fig. 2B, lane 5) . Western blotting confirmed the synthesis of truncated proteins when UGA was at positions 68 and 420, and of the full-size protein at position 497 (Fig. 2C) . Thus, Sec was only inserted into the classical Sec site in eTR1, whereas other UGA positions were not served by SECIS for Sec insertion and instead supported termination of translation in mammalian cells (in Euplotes, Cys would be inserted).
To confirm Cys insertion at UGA codons other than codon 497 in eTR1, we purified the 75 Se-labeled 55-kD selenoprotein band from E. crassus after a series of chromatographic steps (Fig. 2, D and E) . Liquid chromatographytandem mass spectrometry sequencing revealed peptides corresponding to eTR1 and a more abundant glutathione reductase (eGR) (figs. S20 to S22). This analysis identified eTR1 peptides containing Cys in positions 63, 68, 208, and 270, which are encoded by UGA codons (figs. S5 and S18), whereas peptides containing Sec at these positions were not detected. Thus, UGA differentially codes for Cys and Sec in different positions within the E. crassus eTR1 gene.
To determine whether Cys and/or Sec insertion is associated with UGA position within the gene, we prepared GFP-eTR1 mutants containing single UGA codons in unnatural codon positions: 246, 441, 467, 478, 489, 494, or 496. 75 Se-labeling and Western blotting revealed that UGA terminated translation in positions 246, 441, and 467 but inserted Sec in positions 489 and 494 (Fig. 3, A to E). Sec was also inserted at position 496 ( fig. S23 ), whereas position 478 was intermediate, supporting a low level of Sec insertion (Fig. 3, C and D) . Thus, Sec insertion was restricted to approximately the last 20 codons, whereas the region upstream supported termination by UGA in mammalian cells (and, therefore, Cys insertion in E. crassus).
We replaced a segment corresponding to part of the eTR1 3′UTR, including the entire SECIS element, with the 3′UTR region of Toxoplasma selenoprotein T (SelT), which also has a SECIS element (8) . In this mutant, Sec insertion was detected at position 420, that is, upstream of codon 478 (Fig. 3F) , indicating that replacement of the functional 3′UTR region changed the coding function of UGA. Similarly, Sec could be inserted in the N-terminal region of ep22, in addition to its natural C-terminal penultimate position (Fig. 3G) , which suggests a model wherein Sec insertion is dependent on an RNA structure ( fig. S24 ).
We have demonstrated that UGA can designate different amino acids within the same gene, with the choice of the amino acid inserted determined by availability of the functional element within the 3′UTR and the location of UGA within the gene. Although dual functions of stop codons have previously been described, they support the insertion of single amino acids (e.g., Sec or pyrrolysine) in competition with termination (9) or ambiguous codon function due to dual specificity of a particular tRNA (10) . Here, we show that one codon supports specific insertion of multiple amino acids, indicating that evolutionary expansion of the genetic code is possible. 
Supporting materials

Selenoproteins in Euplotes
To determine if E. crassus has Sec-containing proteins, we metabolically labeled this organism with 75 Se, and separately labeled Dunaliella salina, the marine alga used as the food source for E. crassus.
Autoradiography of E. crassus proteins following SDS-PAGE analysis revealed specific incorporation of
radioactive Se into several proteins, and the selenoprotein pattern was similar to that observed in human HEK 293 and algal Ostreococcus tauri cells (Fig. S1 ). Humans have 25 and O. tauri 26 known selenoprotein genes (S1, S2).
Euplotes genome and Sec and Cys tRNAs
The macronuclear genome of E. crassus is organized in the form of gene-sized chromosomes, each flanked by telomeres. To determine how widespread the use of UGA is for Cys and Sec insertion in Euplotes, we sequenced (S3) the macronuclear genome of E. crassus (>4x coverage), and determined coding characteristics of its codons. Consistent with previous reports (5, S4), we found that UGA is a common codon for Cys in this organism (e.g., we detected 445 UGA codons in ESTs and 13,206 in the genome that were predicted to code for Cys) (Fig. S2 ). UAA and UAG were found to be stop signals, whereas we did not detect ORFs ending with UGA. We also identified two Cys tRNAs, including one that had a UCA anticodon (i.e., corresponding to the UGA codon) ( Fig. 2A ). This finding shows that the previous prediction of a single Cys tRNA GCA serving UGA, UGC and UGU codons in Euplotes is incorrect (S5). The novel Cys tRNA UCA phylogenetically clustered with other Cys tRNAs (Fig. S17) suggesting it evolved by Cys tRNA gene duplication followed by a change in the anticodon. Sec tRNA also was detected. All Sec tRNAs are characterized by a long variable arm ( Fig. 2A) , which is missing in Cys tRNAs.
Identification of Euplotes selenoproteins
As UGA codon could not be used to distinguish between Cys and Sec insertion, we relied on computational searches for SECIS elements using SECISearch (S1). Eight selenoprotein genes were identified, each containing a SECIS element in the 3'-UTR ( Fig. S3-S16 ). Seven of these proteins corresponded to previously known selenoproteins and one was a new selenoprotein belonging to the Pfam09409 family (designated ep22 for Euplotes 22 kDa protein). Further analyses identified ep22 selenoprotein homologs in other ciliates, Tetrahymena and Paramecium, and in a primitive animal, Nematostella, and in all these sequences, UGA specified Sec even though these organisms have genetic codes different than that of Euplotes (Fig. S15 ). The sequenced ep22 chromosome is illustrated in Fig. S19 .
Expression of Euplotes selenoproteins in mammalian cells
To easily distinguish between Cys and Sec insertion in Euplotes proteins, we employed a mammalian expression system where UGA is a default stop signal and can also support SECIS-dependent Sec insertion.
Due to competition of Sec insertion with termination of protein synthesis and low level of Sec insertion machinery, selenoprotein expression is accompanied by truncated protein forms.
Purification of natural Euplotes selenoproteins
Like mammalian TRs (S6), an abundant 55 kDa Euplotes selenoprotein tightly bound ADP-Sepharose and occurred in multiple spots on 2D gels ( Fig. 2D , E). It was identified as eTR1 via tryptic digest and LC-MS/MS. We also partially purified eSelW2 (the major 8 kDa selenoprotein in Euplotes) and verified tryptic peptides from its sequence (Fig. S8, S22 ).
Mechanism of alternative use of UGA codon for Sec and Cys insertion into eTR1
It appears that eTR1 mRNA is organized such that its SECIS is unavailable for Sec insertion in most of the eTR1 sequence (Fig. S24A ). However, once the translating ribosome approaches the last 20 codons in eTR1, the mRNA is restructured and the SECIS can now support Sec insertion (Fig. S24B ).
Taken together, our data show that E. crassus utilizes UGA for insertion of both Cys and Sec, establishing it as the first known organism that utilizes one codon to code unambiguously for two different amino acids.
The example of E. crassus shows that the genetic code can be naturally extended by recoding a subset of codons in an organism for insertion of a different amino acid by utilizing RNA elements within 3'-UTRs and controlling their availability for the translating ribosome. This mechanism could support both regulation of protein synthesis and addition of new or modified amino acids to the genetic code. For example, since
Sec is made from phosphoserine on Sec tRNA, the Euplotes genes could be adapted for phosphoserine insertion into specific positions of protein. Finally, as the possibility of the use of one codon to code two amino acids has not been previously considered, it would be extremely important to determine whether this situation is widespread in organisms with completely sequenced genomes as well as generally in nature.
Supporting Methods
We constructed an E. crassus CT5 cDNA library from total RNA isolated from cells growing in the log phase, with Dunaliella salina as a food source. We used the Clontech (Mountainview, CA) SMART cDNA library construction protocol and pDNR-LIB vector. Recombinant clones were picked into 96-well polypropylene 2.0-ml-deep well growth blocks containing 1. with an E-value cutoff 1e -6 . ORFs containing conserved domains were analyzed for codon frequency.
[Supplementary material is included following the article.]
Since UGA codes for both Sec and Cys in this organism, the presence of in-frame UGA does not provide sufficient criterion for recognition of selenoproteins. Therefore, another characteristic feature of selenoproteins, the presence of a SECIS element in the 3'-UTR, was used as the main criterion for recognition of selenoprotein genes. Selenoprotein searches were conducted as follows:
1) A stand-alone version of SECISearch (S1) was used for SECIS element identification.
2) Upstream regions of candidate SECIS elements were analyzed for similarity to known selenoproteins and to proteins from NCBI non-redundant database.
3) SECIS candidates lacking translated regions with similarity to known proteins were dismissed. Some of these sequences were partial. Therefore, some of the candidate structures might be true SECIS elements. visualized with a PhosphorImager (S1).
Full-length eGPx1, ep22, eTR1, and eSelW2 cDNAs, including their 3'-UTRs, or genes, were amplified by PCR from the 077B06 EST clone (contig CL1180C1) for eGPx1 and from E. crassus whole cellular DNA for ep22, eTR1 and eSelW2 with Pfu Ultra DNA polymerase (Stratagene). The PCR fragments were cloned into pGEM-Teasy (Promega) and pEGFP-C3 vector (Clontech, BD Biosciences 
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Supporting Figure S1 . Metabolic labeling of E. crassus, D. salina, O. tauri and human HEK 293 cells with 75 Se-selenite. 30 µg of total protein from each organism were resolved by SDS-PAGE and transferred onto a PVDF membrane. Selenoprotein patterns were visualized with a PhosphorImager. Arrows indicate the positions of human thioredoxin reductase 1 (TR1), glutathione peroxidase 1 (GPx1) and glutathione peroxidase 4 (GPx4).
Supporting Figure S2 . Codon usage and frequencies based on EST and genome sequences. The use of UGA is shown in red. Supporting Figure S5 . Nucleotide and amino acid sequences of Euplotes thioredoxin reductase 1 (eTR1). Initiator AUG codon is shown in green; the Sec-encoding UGA and the stop UAA codon are in bold red. The UGA codons that may correspond to Cys are shown in red. The sequences corresponding to the SECIS element are underlined and shown in blue. In the protein sequence, the initiator (M) and Sec (U) amino acid residues are indicated. The cysteine (C) amino acids encoded by UGA codons are highlighted in red, by UGU in blue and by UGC in green.
GTTTATAACTATAAAATATCAAATTTAGAAATGGACTATTCAGACACTCCACAAGAAGAATCCACTCATAGTTATGACTATGAT
M D Y S D T P Q E E S T H S Y D Y D CTTTTTGTAATCGGAGGTGGTTCTGGAGGGCTTGCTTGTGCCAAGGTTGCTCAAGAGGCAGGAGCTAAAGTAGCAGTAGCAGAT L F V I G G G S G G L A C A K V A Q E A G A K V A V A D TTTGTAAAGCCAACTCCAAAGGGAACAAAGTGGAAAGTAGGAGGAACATGAGTGAATGTTGGTTGAATCCCCAAAAAGCTGATG F V K P T P K G T K W K V G G T C V N V G C I P K K L M CACTACTCCGCATTGTTAGGAAATTCATATCACGACCAAGTTGAGAGCGGATGGGAGCATGAGAAACCTTCTCATGACTGGGGT H Y S A L L G N S Y H D Q V E S G W E H E K P S H D W G AAAATGATTACCAATGTCAATAACCATATAAGAGGTATCAATTTTGGATACAAAGCAGATATGAGAAAGAGAGGTATAAAGTTC K M I T N V N N H I R G I N F G Y K A D M R K R G I K F CATGAAAAGTTTGCCTCCTTTGTCGATCCTCATACCGTACAACTAGTTGATAAGAAGGGCAAGACCGAAATGATTACTTCTAAT H E K F A S F V D P H T V Q L V D K K G K T E M I T S N TATTTCGTAATTGCTACTGGAGGCAGACCTCTCTATCCTGATATTCCAGGAGCCAAAGAGCATGCAATTACTAGTGATGATATT Y F V I A T G G R P L Y P D I P G A K E H A I T S D D I TTCTGGATGAAAGACAACCCTGGTAAAACCCTTGTGGTAGGTGCTTCCTATGTCGCGTTGGAATGAGCTGGATTTTTACATCAT F W M K D N P G K T L V V G A S Y V A L E C A G F L H H TTTGGAAACGAAGTTTCAGTTTGTGTCCGATCAATCTTTTTGAGAGGTTTCGATCAAGATATGGCGCAAAAGATTGCTAAAGAC F G N E V S V C V R S I F L R G F D Q D M A Q K I A K D
ATGGAACTCAGCGGGATTAATTTCATTAGAGACTCTATGCCTACCAAAATTGAGAAAGGCGAAGAGACTGGCAAGCTCACCTGA M E L S G I N F I R D S M P T K I E K G E E T G K L T C TTTTTAACAGTAGGAGGCGAAGAAACTACCGTTGAAGTAGATACTGTTCTTTTTGCAATTGGTAGATATGCTGTGACAGCTGAT F L T V G G E E T T V E V D T V L F A I G R Y A V T A D TTAAATCTAGGTAATGCTGGACTCATTGCTGAAAAGAATGGAAAATTCATTACTGACAAATACCAGAAAACTAATGTTGACAAT L N L G N A G L I A E K N G K F I T D K Y Q K T N V D N
ATCTATGCTATAGGGGATGTGCTTCATGGAAAATTGGAACTTACTCCAACTGCAATTCAAGCGGGAAGACTATTGGCTGATAGA I Y A I G D V L H G K L E L T P T A I Q A G R L L A D R CTATTTGCTGGAGGAACTACTACAATGGATTTTTATGATGTTCCTACTACTATCTTTACTCCTCTTGAGTATGGATGAGTAGGT L F A G G T T T M D F Y D V P T T I F T P L E Y G C V G TACTCAGAGGAAGATGCTAGGGAGGAATATGGTGACTTCATCAAAGTTTACCATACTTATTTCCAGCCATTAGAATGGAACTTT Y S E E D A R E E Y G D F I K V Y H T Y F Q P L E W N F GCAAAATCAATCTATAAGGAGAGGAATTGATACGTAAAAATTATAGTAAACACTGCAGATAATGACAGAGTGATCGGGTTCCAT A K S I Y K E R N C Y V K I I V N T A D N D R V I G F H ATTCTCTGTCCTAATGCTGGGGAGATAACACAAGGAATTGCTATTGCCATCAAAGTAGGAGTCACAAAGCCTCAGTTAGATAAC I L C P N A G E I T Q G I A I A I K V G V T K P Q L D N TGTGTTGGAATTCATCCTACAATTGCTGAAGAAATGACTAATCTACATATTGATAAAGCTGATAATCCAGATCCAATTAAATCG C V G I H P T I A E E M T N L H I D K A D N P D P I K S GATTGCTGATCTTAAAGAGTCTGTGCATATTAGGAGTTGCTAAAATTTAGTCAACTACTAATAACTGCATGGGAAAAATATAGT D C U S
CGGTAAAGGAGACAAATCAGTAAGCAATGTTTCCAGACAATATGCTTGGTCTTTAGAAGCATTAGCTTTAATGATACTCTCTTT CTTCAAATACATAAGAAAGCGAGTTGAACAGCTGAGGACTCTCTGAGTAGTAATACATCG
Supporting Figure S6. Nucleotide and amino acid sequences of Euplotes thioredoxin reductase 2 (eTR2).
Initiator AUG codon is shown in green; and Sec-encoding UGA and stop UAG codons are in bold and red. UGA codons that correspond to Cys are shown in red. The SECIS element is shown in blue and underlined. In the protein sequence, initiator (M) and Sec (U) residues are indicated. Cysteine (C) encoded by UGA codons are highlighted in red, and by UGU in blue.
CCCCCAAAACCCCAAAACCCCCAAAACCCCCTTTCAAAAATATAAGCGTAGAAGTTCACATGAATCTATAATTTATAAGAATG GCTGACTCTGAAATGAAGAGTAATGAGTCAGAAGAATATGAAGAGACTAAGCGTCGTTATGATTATGATCTCTTCGTCATTGGT M K S N E S E E Y E E T K R R Y D Y D L F V I G GGAGGATCAGGAGGACTTGCTTGTGCTAAAGCAGCTCAAGAGTGTGGAGCAAAGGTAGCTGTAGCTGACTTTGTCAAGCCCTCT G G S G G L A C A K A A Q E C G A K V A V A D F V K P S CCTCATGGATATGGAGTTGTGACTTGGGGAGTTGGTGGAACTTGTGTCAATGTGGGATGAATACCAAAGAAATTATTACATTAT P H G Y G V V T W G V G G T C V N V G C I P K K L L H Y TCAGCAAATTTGGGAGAAGCTTATGTTGATAGAGCTAGTAGTGGATGGGACCATGAGAAGCCAAAACACGATTGGGGTAAAATG S A N L G E A Y V D R A S S G W D H E K P K H D W G K M
ATTTCTAATATTAATAATCATATTCGAGCTATTAATTTTAGCATCAAAACTGATTTGAGGAAGAGAGGAATAAAATTTTATGAA I S N I N N H I R A I N F S I K T D L R K R G I K F Y E AAATTAGCTTCTTTTGCTGATCCACATACTATTCAACTTTTAAACAAGAAAGGCAAGACAGAATTAGTGACAGCAAATCATATT K L A S F A D P H T I Q L L N K K G K T E L V T A N H I GTTATTGCAACTGGGGGAAGGCCTCTCTACCCTGATATCCCTGGAGCAAAGGAGTATGGTATTACAAGCGATGACATTTTCTGG V I A T G G R P L Y P D I P G A K E Y G I T S D D I F W CTGAAGAAAAATCCAGGTAAAACCTTGGTCATTGGCGCATCTTATATTGCACTTGAATGAGCTGGATTTTTACATAGTTTTGGT L K K N P G K T L V I G A S Y I A L E C A G F L H S F G
AACGATGTTTCTGTGTGAGTAAGATCGGTCTTTTTGCGGGGCTTTGATCAGGATATGGCTAATATGCTTGCCAAGGATATGGAA N D V S V C V R S V F L R G F D Q D M A N M L A K D M E GAACATGGTGGAGTCAAATTCATTAAAAATTCAATACCTACCAAAATCGAAAAAGATGAAGAAACAGGAAAGCTCATATGATAT E H G G V K F I K N S I P T K I E K D E E T G K L I C Y
CTCACCTCTAGAGAAGAGGAAATTACTATAGAAGTTGACACAGTTTTGTTTGCAATTGGTAGATATGCTGTTACAAAAGATCTA L T S R E E E I T I E V D T V L F A I G R Y A V T K D L AACCTTGAAAATGCGGGTCTCAAAGTAGAATCAAACGGTAAATTCATTACAGATGAGTTTCAACAAACTAATGTGGAGAATATC N L E N A G L K V E S N G K F I T D E F Q Q T N V E N I TATGCTATCGGAGATGTGATTCATGGGAAATTAGAACTAACACCCACTGCAATTCAAACAGGTAAACTACTTGCAAGAAGATTG Y A I G D V I H G K L E L T P T A I Q T G K L L A R R L TATGCTGGTGAAACCACAACTATGGACTTTTGTGATATTCCAACTACAATCTTCACTCCTTTAGAGTATGGATGAGTTGGATAC Y A G E T T T M D F C D I P T T I F T P L E Y G C V G Y TCAGAAGAAGAAGCTAAGGAAAAATATGGAGACGCCATTAAGGTATATCATACTTACTTCAAGCCATTAGAGTGGAACTATGCA S E E E A K E K Y A G D A I K V Y H T Y F K P L E W N Y
AAATCAATTTATAAATATCGAAATTGATATGTTAAAGTAATTATAAACACTACAGAGAATGATCGGGTAATTGGCTATCATTTA K S I Y K Y R N C Y V K V I I N T T E N D R V I G Y H L TTGGCTCCAAATGCAGGAGAAATTACTCAAGGAATTGCAATTGCCATTAAGATTGGCCTTACTAAACACAAGTTAGATAACTGT L A P N A G E I T Q G I A I A I K I G L T K H K L D N C GTTGGAATCCATCCAACTGTTGCAGAAGAAGTAACGGATCTCAAGATTGATAAAGCAATCAATCCTGATCCAGTCAAGACAGAT V G I H P T V A E E V T D L K I D K A I N P D P V K T D TGTTGATCTTAGAGCATCTGTACATATTAGTCATTGCTTTTACAAAGGCAATCACTAATAGCAGTACGGAATAATTAATCTGAA C U S
AAGGGGAGGACCCAGTAAGCTATAGATCATACTCAAAATGAGCTATAGCTTTTATGATACTTCTTTCCTTCAAAAATATAAAGG
AAACAAGTTGAAAAGCTGGTAATTCCCTGAGCAGCTTCAGCAATAATTGTTTTTAAATTTTAAGTGTAGGTGTGATTCATCGGT TATTGGAGATTCAATACAAAAGTTGGAGAAAGGGGTTTTGGGGTTTTGGGGTTTTGGGGG
Supporting Figure S7. Nucleotide and amino acid sequences of Selenoprotein W1 (eSelW1).
Initiator AUG codon is shown in green; and the Sec-encoding UGA and stop UAA codons are bolded and shown in red. The sequence corresponding to the SECIS element is shown in blue and underlined. In the protein sequence, initiator (M) and Sec (U) residues are highlighted. Cysteines (C) encoded by TGC codons are highlighted in green.
CGCGATCTTTCTGAATATACCATGAATATTCAGTACTGCGGAGGCTGATCCTATCGCCCCAAAGCTGTCTTTGTCCAGAAGGAT
M N I Q Y C G G U S Y R P K A V F V Q K D ATTAAAAAGCACTTTGGTGGAAAAATTAACGTCGTCTTTGACAGAGACTCATCACTGACTGGTAACTTTGAGATTACCATCACT I K K H F G G K I N V V F D R D S S L T G N F E I T I T GATAAGAAGACCGGGAAATCCCAACTTCTTCACAGTAAGAAGAACGGGGACGGTTTTGTAGAGAAAGGAACTATTGATGACTTC D K K T G K S Q L L H S K K N G D G F V E K G T I D D F AGAGAGAAAGTCCAGAAGTTCTGCTCTTCCTAATCACTCATTCTAAGGAAAGTTCTGTTTCTAGATCTCTGCGGCATATTCTTA R E K V Q K F C S S ATGATCCCCTATCTCTTGAAATCTATAAGAGAAGGAGTGAACTCAA
Supporting Figure S8 . Nucleotide and amino acid sequences of Selenoprotein W2 (eSelW2). Initiator AUG codon is shown in green; and Sec-encoding UGA and stop UAA codons are in red and bolded. The sequence corresponding to the SECIS element is shown in blue and underlined. In the protein sequence, initiator (M) and Sec (U) residues are indicated. Cysteine (C) encoded by UGU is highlighted in blue.
Supporting Figure S10 . Nucleotide and amino acid sequences of ep22. Initiator AUG codon is shown in green; and Sec-encoding UGA and stop UAG codons are in bold and red. The SECIS element is shown in blue and underlined. In the protein sequence, initiator (M) and Sec (U) residues are highlighted. Cysteine (C) encoded by UGA codons are highlighted in red and by UGC in green.
CCCCAAAACCCCCAAAAACCCCCAAAAACCCCTACCTTAGACTAATAATATTGACATCAACCAAAATTATAAAATAATGGAA
M E TCAAGTGACGATAAGGTTGGCTGCGTGCAGTCTATTCTAGTAGTCCTAGAAGGCCTGAATGATGATTCTTCCATCATCACAGGT S S D D K V G C V Q S I L V V L E G L N D D S S I I T G CTAGAAATCTTAATAAAGCTGATTAAGAACATACTAAAGTCTCCTCATGAAGAGAAATTTAGAAACATTAAGAAGACTAACAAG L E I L I K L I K N I L K S P H E E K F R N I K K T N K GCTATTTCCACAAAGCTGTTGTCCCTCAGTGGAATCGAAGATTTGATCCTCGCCCTTGGTTACAAAGATGATAATGATGAGTTC
A I S T K L L S L S G I E D L I L A L G Y K D D N D E F TATGTATTCGACATTGACAAGTACTCTGACCTCTACAAACTAAAGAGAGCTATCCAAGAGTTCCACGATGAGAAAAGAAAGAAG Y V F D I D K Y S D L Y K L K R A I Q E F H D E K R K K TACATGACTCCAGAAGAACTTGAGAAATTCGAAATCCTCCAAGAGCAGAAGAGAAAGTTCTACGAAGATAACAAGAAAAAGGCT Y M T P E E L E K F E I L Q E Q K R K F Y E D N K K K A AAAGCTCGTAAAGATCTTGAGAATGGCATGAAGTTCGACCGTGAAGAGAAGAATCAAGAAGAAATCAAGTCTTCTAAGGCTAAT K A R K D L E N G M
K F D R E E K N Q E E I K S S K A N CACCTAAACTTTGGAGCTAATGTGGTTAAATTCCAACCACCAGCTCCAGCCTCTCGTTGAGGTTAGATGCCCTGCTCCGATGTC H L N F G A N V V K F Q P P A P A S R U G
CGGAGTGGGAATACCTTAAATCAAGGGAATCTGAGATTGGTTGAGAGAAATGGAGCCAATAGGCAATTATGATAATAGTTGAGC
AAACCTTTGAACTCATCTATTTGAACCCCATTATCTTTCCCTTCTAAATATTTCCTTATATGTATCTATATTTTGCTTGTAAAA AGGGGTTTTGGGGTTTTGGGGTTTTGGGG
Supporting Figure S11 . Nucleotide and amino acid sequences of glutathione peroxidase 1 (eGPx1). Initiator AUG codon is shown in green; and Sec-encoding UGA and stop UAG codons are in bold and red. UGA codons that correspond to Cys are shown in red. The sequence corresponding to the SECIS element is underlined. In the protein sequence, initiator (M) and Sec (U) residues are highlighted. Cysteine (C) encoded by UGA codons are highlighted in red, by UGC in green and by UGU in blue.
M V K I H N K Y R D H G F E I F A F P C N Q F M S Q E P GGAACCCACGAACAGATCAAGAAATTTGCTCAGGAGAAGTATGGTGCTGAATTCCCACTCTTCTCTAAGGTAGACGTCAATGGC G T H E Q I K K F A Q E K Y G A E F P L F S K V D V N G CCTGACACTCATGAAGTGTTCAAGTTCTGCAGAAGACACTCACCATTGTATGATGCTGAGAAGGATGTCGTGCAGAATATCCCT P D T H E V F K F C R R H S P L Y D A E K D V V Q N I P TGGAACTTCGCTAAGTTTTTGATTGATAACAAAGGGACAAGTTGTTGAGTATTACACTCCCAAGCAGAACCCAGATCTCTGCGT W N F A K F L I D N K G T S C C V L H S Q A E P R S L R GCCAAAGATCGAAGAGATGCTTGGATTGTAACTCAGCAGATAAAATTTTAGAAATGGCTCGAGCTCAACTATGCTTATTGCCTT A K D R R D A W I V T Q Q I K F
AGGTGATACCTCATTTTGCTATAAAAACTTCAGGCGGTGAGGTTGAAAATAGGTGATGACATCTTTCGAGATCGCCATTTTATG TTAAAATTTTATTAATATGGAAATCTTACGAAAATGATTTACCCATGGATATTCTTTGGGAAGGTATCCTCACCCATTTTATAT GAGATTTGGGGGTTTTTGGGGGTTTTTGGGGGTTTTTGGGG
Supporting Figure S12. Nucleotide and amino acid sequences of glutathione peroxidase 2 (eGPx2).
Initiator AUG codon is shown in green; and Sec-encoding UGA and stop UAA codons are in bold and red. UGA codons that correspond to Cys are shown in red. The sequence corresponding to the SECIS element is underlined. In the protein sequence, initiator (M) and Sec (U) residues are highlighted. Cysteine (C) encoded by TGA codons are highlighted in red, by UGU in blue and by UGC in green.
S K U G L T K T H Y T Q M V K I H N K Y K D K G F E I F GCTTTTCCTTGCAACCAGTTCTTGAGCCAAGAACCTGGATCAAATGAGGACATCAAGAAGTTTGCTAGAGAGAAATATGGAGCT A F P C N Q F L S Q E P G S N E D I K K F A R E K Y G A GAATTCCAATTATTTTCTAAGATCGATGTAAATGGGCCTAACACCCATGAAGTGTTCAGATTTTGTAGGAGACACTCTCCTCTC E F Q L F S K I D V N G P N T H E V F R F C R R H S P L TATGATGATGAGACAGACACTATCCAAAACATCCCATGGAACTTTGCTAAGTTCCTAATTGATGAGGAGGGAAATGTTGTAAAT Y D D E T D T I Q N I P W N F A K F L I D E E G N V V N TATTACTCTCCTAAATCAAATCCAGATGTTTGTGTTCCAATGATAGAGGAAATGCTTGGATTGTAATTCAGCCTGAATCAAGTC Y Y S P K S N P D V C V P M I E E M L G L
TAAAATGACTAGAGCTTGATAATGCAAATGACCTAAAATGATACCCCATTTAGCTAAACTACTCAAAAGCAATGGGGTTGAAGA AAGGTAGTGGCATTTAAAAGATCGTCATTTTAATTAAAAATTTCCCC Supporting Figure S13 . Multiple sequence alignment of thioredoxin reductase (TR) sequences. Sec residues are highlighted in red and indicated with an asterisk. Sequences with the following accession numbers were used to generate the alignment: AAN32903. 
Supporting Figure S14 . Multiple sequence alignment of glutathione peroxidase (GPx) sequences. Sec is shown in red and indicated with an asterisk. The following sequences were used to generate the alignment: NP_002076.2 (H. sapiens), XM_001011053.2 (T. thermophila), CR709346.2 (T. nigroviridis), CT032433.1 (P. dumerilii), and ABK58679.1 (C. sinensis). 
Supporting Figure S15 . Multiple sequence alignment of selenoprotein ep22 sequences. Sec residues are highlighted in red and indicated with an asterisk. Alignment was created using the following sequences: XM_001455925.1 (P. tetraurelia), CT822387.1 (P. tetraurelia), XM_001633753.1 (N. vectensis), and XM_001023471.2 (T. thermophila). Figure S16 . Multiple sequence alignment of SelW sequences. Sec residues are highlighted in red and indicated with an asterisk. Sequences with the following accession numbers were used to generate the alignment: NP_003000.1 (H. sapiens), Figure S18 . Schematic representation of eTR1 mRNA. The positions of Sec and Cys UGA codons are shown in red, Cys UGU codons in blue and a Cys UGC codon in green. One tryptic peptide containing two UGA-encoded Cys codons and identified by MS/MS is shown below in bold (the corresponding nucleotide sequence is shown on light blue background). Also, see Fig. S20 -S22. Supporting Figure S21 . LC-MS/MS data and spectrum of the "VALECAGF" peptide from eTR1. The protein was alkylated with iodoacetamide to protect Cys residues. Detected b and y ions are shown in the table. Supporting Figure S22 .Peptide sequences identified in E. crassus selenoproteins by LC-MS/MS. The peptides detected by mass-spectrometry are shown in red. In the protein sequence, the initiator (M) and Sec (U) amino acid residues are highlighted in green and blue, respectively. Cysteines (C) encoded by UGA and detected by LC-MS/MS are underlined. 
